Stability analysis of interacting dark energy models generally divides its parameters space into two regions: (i) wx ≥ −1 and ξ ≥ 0 and (ii) wx ≤ −1 and ξ ≤ 0, where wx is the dark energy equation of state and ξ is the coupling strength of the interaction. Due to this separation, crucial information about the cosmology and phenomenology of these models may be lost. In a recent study it has been shown that one can unify the two regions with a coupling function which depends on the dark energy equation of state. In this work we introduce a new coupling function which also unifies the two regions of the parameter space and generalises the previous proposal. We analyse this scenario considering the equation of state of DE to be either constant or dynamical. We study the cosmology of such models and constrain both scenarios with the use of latest astronomical data from both background evolution as well as large scale structures. Our analysis shows that a non-zero value of the coupling parameter ξ as well as the dark energy equation of state other than '−1' are allowed. However, within 1σ confidence level, ξ = 0, and the dark energy equation of state equal to '−1' are compatible with the current data. In other words, the observational data allow a very small but nonzero deviation from the Λ-cosmology, however, within 1σ confidence-region the interacting models can mimick the Λ-cosmology. In fact we observe that the models both at background and perturbative levels are very hard to distinguish form each other and from Λ-cosmology as well. Finally, we offer a rigorous analysis on the current tension on H0 allowing different regions of the dark energy equation of state which shows that interacting dark energy models reasonably solve the current tension on H0.
INTRODUCTION
Dark matter (DM) and dark energy (DE) are the two heavy constituents of our universe [1] . The first one, i.e. the dark matter is believed to be responsible for the structure formation of the universe and is almost pressureless while dark energy, a modification of the matter sector in the general relativity, is assumed to be responsible for the current observed acceleration of the universe. Both of them comprise approximately 96% of the total energy density of the universe with unknown character and origin. Thus, the dynamics of the universe is heavily resting on this sector. Now since the character of this dark sector is unknown, thus, sometimes it is assumed that perhaps the dark matter and dark energy are coupled to each other so that they behave like a single dark fluid. Although this consideration sounds slightly phenomenological but this possibility cannot be ruled out in any ways. From the philosophical point of view we do not have any strong evidence to exclude the phenomenon of dark matter-dark energy interaction. So, one can of course think of some interaction between these two fields. In fact, the standard cosmological laws can be retrieved at any time under the no interaction limit. Additionally, the dynamics of the universe in presence of any coupling between dark matter and dark energy becomes quite richer with many possibilities. On the other hand, from the theory of particle physics, any two fields can interact with each other. Since both dark energy and dark matter can be thought to be of some fields, for instance some scalar field, hence, the idea behind the dark matter-dark energy interaction is also supported from the particle physics view point. This henceforth initiated a new branch in the physics of dark energy in the name of interacting dark energy theory. The idea of coupling in the dark sectors was initiated by Wetterich [2] and subsequently by Amendola [3] . Thus so far this particular scenario has been explored in the context of current cosmology with some interesting outcomes. The coupling between the dark matter and the dark energy may provide an explanation to the cosmic coincidence problem [4] , a generic problem in the dynamical dark energy models and even in the Λ-Cold Dark Matter (ΛCDM) cosmology. Thus, in the last couple of years, a rigorous analysis has been performed by several authors with many interesting possibilities, see for instance . The investigations in coupled dark energy have been further fueled when the latest observational data estimated a nonzero interaction in the dark sector [39] [40] [41] [42] [43] [44] . Although most of the studies in this direction automatically assume the interaction between dark matter and dark energy, however, a generalized version of the interacting dark energy is also appealing where the interacting components could be any two barotropic fluids [45] .
In this work we propose a novel mechanism to test the stability of interacting dark energy models where the dark energy equation of state can be unrestricted unlike other interacting dark energy models where the state parameter for dark energy is necessarily restricted. To illustrate more in this direction, we consider a spatially flat Friedmann-Lemaître-Robertson-Walker universe where pressureless dark matter interacts with dark energy through a nongravitational interaction function. We find that using the pressure perturbation equation for dark energy it is quite possible to construct several interaction models that can be tested without any prior limitation imposed on the dark energy equation of state. The newly constructed interaction functions do have a direct dependence on the dark energy equation of state. However, the entire picture becomes exciting when the interaction function automatically contains such dependence on the dark energy equation of state. We examine the interacting scenario both for constant and dynamical nature of the dark energy equation of state. Finally, we constrain both the interacting scenarios using the latest observational data from different astronomical sources, namely, the cosmic microwave background radiation [46, 47] , Baryon Acoustic oscillations distance measurements [48] [49] [50] , Joint Light curve analysis from Supernovae Type Ia [51] , weak lensing [52, 53] , redshift space distortion data [54] [55] [56] [57] [58] [59] and finally the Hubble parameter measurements from cosmic chronometers [60] plus the local Hubble constant [61] . We note that the use of several observational data provides better and tight constraints on the models.
The paper is organized as follows. In Section 2 we describe the background equations of an interacting universe with the new interacting dark energy model with constant and dynamical dark energy equation of state. Thus essentially, we focus on two interacting cosmological scenarions in this study. In Section 3 we discuss the interacting cosmology in the perturbative universe. In Section 4, we describe the astronomical data sets that have been used to constrain the models and the Section 5 follows the observational constraints of the proposed models. After that in Section 6 we compare the current models from the statistical ground and also make a comparison with other existing interaction models. The next Section 7 contains an extensive analysis on the current tension on H 0 . Finally, we close the work in Section 8 with a short summary of the results obtained.
INTERACTING COSMOLOGY: BACKGROUND UNIVERSE
In this section we describe the governing equations for any interacting dark energy model. The background geometry is set to be a spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) universe characterized by the line element
, where a(t) is the expansion scale factor of the universe. The conservation equation of a coupled dark matter and dark energy system in the FLRW universe can be written as, ρ c + 3Hρ c = −ρ x − 3H(p x + ρ x ), which can be decoupled into
with a new quantity Q, known as the interaction rate between the dark sectors. Here H = a /a is the conformal Hubble parameter in which the prime denotes the differentiation with respect to the conformal time; ρ c , ρ x are respectively the energy densities of pressureless dark matter and dark energy and p x is the pressure of the dark energy fluid. In addition, we consider the non-relativistic baryons (energy density ≡ ρ b ) and relativistic radiation (energy density ≡ ρ r ). Since the physics of baryons and radiation are quite well known, so we assume that they are conserved independently, that means the evolution laws of baryons and radiation are ρ b ∝ a −3 and ρ r ∝ a −4 , respectively. The dynamics of the universe is constrained by the Friedmann equation
which is the constraint equation of the cosmological scenario. Now, to go ahead one needs a specific functional form for Q, and we follow the same tradition. In the literature several forms of Q exist and the most used interactions are
. In this work, we propose a new interaction of the form
where the dot represents the derivative with respect to the cosmic time while the prime as mentioned, stands for the derivative with respect to the conformal time and ξ is the coupling parameter. The direction of energy flow that is determined by the sign of Q is dependent on the sign of the coupling parameter ξ as well as with the evolution of ρ x . Precisely, if ξ > 0 then Q > 0 whenever ρ x > 0 and on the other hand for ξ > 0, one may obtain Q < 0 for ρ x < 0. Similarly for ξ < 0, one can also derive the direction of energy flow bwtween the dark sectors from the character of ρ x . Now, using the conservation equation (2), the interaction (4) can be written in a general form as
where we call ξ e = ξ/(1 − ξ) to be the effective coupling parameter in the interaction scenario. It is clearly seen from eqn (5) that for ξ = 1, the interaction Q becomes infinite. However, we remark that ξ = 1 represents a very strong interaction in the dark sector which is not allowed by the observational data, see for instance [39] [40] [41] [42] [43] [44] . The interaction (5) has a very special and nice property. For a barotropic equation of state p x = w x ρ x , the interaction is linear while on the other hand, for any other complicated equation of state other than the barotropic equation of state, the interaction (5) represents a nonlinear interaction in the dark sector. Another interesting scenario we observe in the above interaction is as follows. If we the dark energy is assumed to be the cosmological constant, that means p x = −ρ x , then the coupling becomes zero (Q = 0) even if the coupling parameter is non-zero. That means although there exists an interaction, the evolution equations do not change. In the present work we consider that the dark energy fluid obeys a barotropic equation of state w x and thus, the interaction (5) can be recast as
Now, in order to measure the coupling of the interaction in presence of a dark energy fluid we consider two distinct possibilities: (A) When dark energy equation of state is constant, or (B) The dark energy equation of state is dynamical. For the dynamical dark energy equation of state, we consider the most well known dark energy parametrization known as Chevallier-Polarski-Linder (CPL) parametrization [62, 63] , where the equation of state for dark energy is represented by w x = w 0 + w a (1 − a). Here w 0 is the current value of w x , i.e. w 0 = w x at a = 1 (we note that the present value of the scale factor has been set to be unity) and w a = dw x /da at a = 1.
INTERACTING COSMOLOGY: PERTURBED UNIVERSE
Now, in order to study the linear perturbations of the interacting dark energy models we introduce the most general scalar mode perturbation, defined by the following metric [64] [65] [66] 
where φ, B, ψ and E are the gauge-dependent scalar perturbations quantities. Let us proceed with the general perturbation equations. We consider the four velocity of any fluid (denoted by 'A') as u
, where v A is the peculiar velocity potential which in Fourier space is related to the volume expansion
. Now, since we are considering a coupling between dark matter and dark energy, thus, we have the following constraint ∇ ν T µν A = Q A , where A Q A = 0, and T µν A is the usual energy-momentum tensor of the fluid A. Now, due to the coupling between the dark sectors, the energy flow and the momentum flow take place in general, thus, representing Q A , F µ A as respectively the energy transfer rate and the momentum transfer rate, relative to the four velocity u µ , following Refs. [14, 67, 68] , one can write that
in which Q A is the background interaction (in fact, Q A = Q) and f A is the momentum transfer potential. The perturbed interation assumes, Q
, and finally, the continuity as well as the Euler equations can respectively be written as
where δH/H = (θ +h /2)/(3H), is the perturbed Hubble expansion rate [69] in which the prime denotes the derivative with respect to the conformal time. Now, due to the presence of interaction between dark matter and dark energy, the pressure perturbation equation for dark energy directly includes the interaction rate Q, and consequently, the stability of the interaction model becomes sensitive to the specific forms for Q. Moreover, the stability of the interaction model is also related to the dark energy equation of state which appears in the pressure perturbation equation for dark energy as [70] 
from which one can define the doom factor [70] : d ≡ −aQ/[3Hρ x (1+w x )] which analyzes the stability of the concerned interaction model by its sign and the stability is acheived for d ≤ 0. Now, for any interaction Q = ξQ (Q > 0, but ξ, the coupling parameter of the interaction Q, is unrestricted in sign), the stability criterion (i.e., d ≤ 0) provides a restriction on the parameters space as either (i) ξ ≥ 0 and (1 + w x ) ≥ 0, or (ii) ξ ≤ 0 and (1 + w x ) ≤ 0. That means, in order to test the stability of any interaction, two separate regions must be investigated. Now, if the interaction contains a factor (1 + w x ), that means if Q = ξ(1 + w x )Q (where similarlyQ > 0), the doom factor becomes d ≡ −aξQ/(3Hρ x ) and it shows that the stability of the interaction is now only characterized by the sign of ξ only. That means the inclusion of the factor (1 + w x ) into the interaction releases the prior on w x which is a beautiful result because now the restriction on the parameter w x is withdrawn and hence one can test the stability of such interaction models for all w x . This observation has been noticed in a recent paper [71] , however, the current work is different. Here, we do not need to include the extra factor (1 + w x ) because the interaction that we propose in this work already contains such factor and hence the prior on the dark energy equation of state, w x , automatically released. To show this, we consider the doom factor for the current interaction (5) which becomes d = ξ/(1 − ξ). Since for d ≤ 0, the perturbation evolutions are stable, thus, we conclude that the present interacting dark energy model will be stable if either ξ ≥ 1 or ξ ≤ 0. However, the possibility ξ ≥ 1 refers to a strong interaction in the dark sector which is not allowed by the present observational data, so we confine our discussions over ξ ≤ 0. Finally, we close this section with the introduction of growth of matter perturbations. Under the assumption that dark energy does not cluster on sub-Hubble scale [14] , one can safely neglect the velocity perturbations of δ x = δρ x /ρ x . This assumption is genuine because during the matter dominated era, the acting of dark energy should be subdominant. Therefore, using eqn (13) one can derive the following second order differential equation for the density perturbations of pressureless dark matter
where H 2 = (8πGa 2 /3)ρ t , and ρ t , is the total energy density of the universe, that means, ρ t = ρ r + ρ b + ρ c + ρ x . The absence of interaction directs the equation (16) 
Certainly, it is evident that the evolution of δ c without any interaction is affected in presence of any interaction as shown in eqn (16) . One natural choice is to measure the expansion history due to the interaction, denoted by H ef f and it can be calculated as
which shows that for ξ = 0, that when there is no interaction between dark matter and dark energy, H ef f = H 1 . Moreover, one can also see that for w x = −1, that means when cosmological constant interacts with dark matter, H ef f = H. While on the other hand, there is another quantity, namely the gravitational constant, G, that is also modified in presence of the interaction. We denote the modified gravitational constant as G ef f , defined by
It is easy to see that in absence of any coupling, i.e. when ξ = 0, G ef f = G, as expected. Also, for the case of interacting cosmological constant, this equality holds good. From the evolution of H ef f /H, and G ef f /G, one can quantify the actual deviation of H, G, when interaction in the dark sectors is considered. Lastly. we would like to remark on the growth rate of dark matter which is,
Since the Euler equation is modified in presence of the interaction, thus, the dark matter may not follow the geodesics [72] . So, this quantity also plays an important role to measure the deviation of the interacting models from the non-interacting one.
DATA AND THE METHODOLOGY
In this section we shall shortly describe the astronomical data that have been used to constrain both the interacting dark energy models and the methodology that we use to constrain the interacting scenarios.
• CMB data: Cosmic microwave background (CMB) data provide tight constraints on the cosmological models.
Here we take the CMB data from the latest observations by Planck team [46, 47] that combine the likelihoods C
in addition to low−l polarization. We shall denote this data by Planck TT, TE, EE + lowTEB as denoted in [1] .
• BAO data: The baryon acoustic oscillation (BAO) data are also powerful to probe the nature of dark energy.
In our analysis we use the estimated ratio r s /D V as a 'standard ruler' in which r s is the comoving sound horizon at the baryon drag epoch and D V is the effective distance determined by the angular diameter distance
. Three different measurements such as,
0012 from the SDSS DR9 [50] have been considered.
• JLA sample: The first data set that proved the existence of some dark energy fluid in the universe sector is the Supernovae Type Ia (SNIa). In the current analysis we use the latest compilation of the SNIa, namely the Joint Light Curves (JLA) sample [51] that constain 740 SNIa in the redshift range z ∈ [0.01, 1.30].
1 We one may note that
• Weak lensing (WL) data: We add the weak gravitational lensing data from blue galaxy sample compliled from Canada−France−Hawaii Telescope Lensing Survey (CFHTLenS) [52, 53] to other data sets.
• Redshift space distortion (RSD) data: We use RSD data from different observational surveys from 2dFGRS [54] , the WiggleZ [55] , the SDSS LRG [56] , the BOSS CMASS [57] , the 6dFGRS [58] , and the VIPERS [59] . For the measured values of RSD we refer Table I of Ref. [16] .
• Cosmic Chronometers (CC) data: We add the Hubble parameter measurements to our analysis. To measure the Hubble parameter values at different redshifts, we use the cosmic chronometers data that have been recently released in the redshift interval 0 < z < 2 [60] , and such CC data are very powerful to probe the nature of dark energy due to their model independent character. For a detailed analysis of the data and the methodology, we refer to Ref. [60] .
• Local [73] , a markov chain monte carlo simulation to extract the cosmological parameters associted with the model. Corresponding to each interacting model our parameter space is increased in compared to the ΛCDM model with minimum dimensional parameter space, see [74] for more discussions in this direction. For the interacting model with constant equation of state in dark energy, w x , we have the following eight dimensional parameters space
while for the interacting model with dynamical dark energy equation of state w x = w 0 + w a (1 − a), following nine dimensional parameters space
is considered. We note that in both Eqns. (19) , (20) the common parameters, Ω b h 2 , Ω c h 2 , Θ S , τ , n s , A S , are respectively identified as the baryons density, cold dark matter density, ratio of sound horizon to the angular diameter distance, optical depth, scalar spectral index, and the amplitude of the initial power spectrum whereas w x , ξ are the model parameters of the parameters space P 1 and w 0 , w a , ξ are the model parameters of the space P 2 .
RESULTS AND THE INTERPRETATIONS
We present a detailed analysis of the interacting scenario considering that the equation of state for dark energy, i.e. w x could be either constant or dynamical. For conveneince we rename the interacting scenario with constant equation of state in DE as IDE 1 while the interacting scenario with dynamical DE assuming the CPL parametrization by IDE 2. In the following subsections we separately discuss both the scenarios.
IDE 1: Constant wx
For constant dark energy equation of state, we have analyzed the interacting model with the combined analysis Planck TT, TE, EE + lowTEB + BAO + JLA + RSD + WL + CC + R16. In Table I we summarize the observational constraints of this scenario for these combined data and the corresponding contour plots at 68.3% (1σ), 95.4% (2σ) confidence-levels for different combinations of the model parameters along with the 1-dimensional posterior distributions of the model parameters have been displayed in Figure 1 .
From our analysis it is evident that for IDE 1, the coupling parameter as well as the effective coupling parameter are always nonzero. That means the observational data cannot strictly rule out the possibility of a non-interacting scenario. However, within 1σ confidence level, ξ = 0, is compatible according to the present observational data. Additionally, it is interesting to note that the best fit value as well as the mode value of the EoS of DE crosses the phantom divide line, however, the analysis also tells that within 1σ confidence-level, 'w x = −1', is consistent with the current astronomical data. Thus, within 1σ confidence-region, this interaction model can mimick the Λ-cosmology. To characterize the large scale behaviour of the IDE models, in Figure 2 we display the angular CMB temperature anisotropy spectra in compared to the ΛCDM cosmology. In paricular, in the left panel of Fig. 2 we show the angular CMB temperature anisotropy spectra for different values of the EoS of DE and in the right panel of Fig. 2 , we show the temperature anisotropy of the angular CMB spectra for different values of the coupling parameter. From the left panel of Fig. 2 we see that the IDE 1 with w x < −1 does not deviate much from the ΛCDM cosmology. The deviation is very clear when w x > −1. However, from the right panel of Fig. 2 , we see that the small or large coupling basically does not indicate any significant deviation from the ΛCDM cosmology. This is a surprising result! While from the left panel of Figure 2 we see that if w x increases (i.e. if w x becomes more quintessential) then we find the deviation in the CMB spectra from that of the standard ΛCDM cosmology. Further, in Figure 3 we depict the evolution of the modified Hubble function H ef f and the modified gravitational constant G ef f in presence of the coupling between the dark sectors. The plots in Figure 3 clearly show that as the magnitude of the coupling parameter increases, the deviation of both modified Hubble function and the gravitational constant, increases from that of the non-interacting w x CDM model. Finally, we close our analysis with an interesting observation reflected in Figure 4 which contains the two-dimensional marginalized posterior distribution for the parameters (w x , ξ). The sample points have been taken from the Markov chain Monte Carlo analysis, and they have been colored by the values of H 0 . From this figure we see that the higher values of H 0 favor the phantom dark energy while for the lower values of H 0 the quintessential dark energy is recommended. Moreover, a shifting of the dark energy equation of state from its quintessential to phantom behavior is observed as H 0 descreses. This is one of the interesting observations in this work. 
FIG. 2:
The plots show the angular CMB termperature anisotropy spectra for IDE 1 over the standard ΛCDM cosmology using the joint analysis data Planck TT, TE, EE + lowTEB + BAO + JLA + RSD + WL + CC + R16. In the left panel we have varied the constant EoS wx while the right panel stands for diferent values of the coupling parameter ξ. We note that the curves in the right panel are so close to each other such that they are practically indistinguishable from each other.
IDE 2: Dynamical wx
For the interacting DE with dynamical EoS (IDE 2), we present the observational constraints in Table II using that the mode value as well as the best fit values of the present dark energy equation of state has phantom behavior. However, from the observational data, one can infer that, within 1σ confidence-level, w 0 = −1, is compatible. The coupling parameter ξ as seen from Table II is nonzero which signals for a non-interacting cosmological scenario, while within 1σ confidence level, ξ = 0, is also consistent with the present observational data. That means within 1σ confidence-level, the interacting model is indistinguishable from Λ-cosmology.
On the other hand, from the CMB spectra (see Figure 6 ) we observe similar results as we find in IDE 1. That means, the CMB spectra do not show any significant variation for different values of the coupling parameter while for different values of w 0 , w a , we may expect slight variation on the CMB spectra, for instance, in the left panel of Figure  6 , we see that for high quintessential nature of the dark energy equation of state, a slight difference from the ΛCDM cosmology is observed. Thus, one can assume that if w 0 increases, then the deviation would be prominent. Similarly, in the middle panel of Figure 6 , we see that for w a > 0, slight variation from ΛCDM cosmology has appeared. In addition to that, like IDE 1, in Figure 7 we show the evolution of the modified Hubble function H ef f and the modified gravitational constant G ef f for different values of the coupling parameter. We observe an equivalent behaviour to that of IDE 1. The plots in Figure 7 clearly show that as the magnitude of the coupling parameter increases, the deviation of both modified Hubble function and the gravitational constant, increases from that of the non-interacting w x CDM model where w x is dynamical with the form chosen in this figure. However, one may note that the rate of increment of the quantities H ef f /H and G ef f /G from the non-interacting models as shown in Figure 7 , is slightly lower in compared to the plots in Figure 3 .
Using the same combined analysis, in Figure 8 , we show the two-dimensional marginalized posterior distributions for the parameters (w a , w 0 ) and (w 0 , ξ) colored by the H 0 sample from the Markov chain Monte Carlo analysis. From the left panel of Figure 8 we find that for higher values of H 0 , the present value of the dark energy equation of state, i.e. w 0 favors the phantom behavior while for lower values of H 0 , the current value of the dark energy equation of state, i.e. w 0 shifts toward the quintessence regime. The right panel of Figure 8 concludes similar behaviour obtained from its left panel. 
FIG. 6:
The plots show the angular CMB termperature anisotropy spectra for IDE 2 over the standard ΛCDM cosmology using the joint analysis data Planck TT, TE, EE + lowTEB + BAO + JLA + RSD + WL + CC + R16. In the left panel we have varied the free parameter w0 (i.e. the current value of the EoS for DE) of the CPL parametrization, in the middle panel we have varied the parameter wa of the CPL parametrization while the right panel stands for diferent values of the coupling parameter ξ. We note that although the curves in the left and middle panels are identified, however, the curves in the right panel are so close to each other such that they are practically indistinguishable from each other.
COMPARISONS BETWEEN IDE 1 AND IDE 2 AND WITH OTHER INTERACTIONS
Interacting models with dynamical dark energy are quite appealing and interesting. In this work since we consider both constant and time dependent dark energy equation of state, so it is reasonable to measure their qualitative changes both at background and perturbative levels. To compare both the models, in Figure 9 we show the onedimensional posterior distribution for the free and derived parameters of the interacting models. From the figure we do not observe any significant changes in the parameters. Although a slight difference appears in w x , but this does not We note that in the top left panel, we have used only the parameter wx, which is also the w0 parameter of the dynamical DE identified by wx = w0 + wa(1 − a). seem to be a notable one. Moroever, in Figure 10 we plot the Hubble parameter functions for both IDE models with CC+ R16. From this figure we see that both models are very close to the Λ-cosmology and in fact at low redshift, they are well consistent with the observed data which are shown in the above plots with their error bars. Therereore, it is clear that at background level, both IDE models are very close to each other and they have considerable closure with the ΛCDM cosmology. It is even very interesting to see that at the perturbative level, we do have the same feature. The evolution of growth rate of cold dark matter has been shown for both interacting dark energy models. In the left panel we show the evolution of growth rate of cold dark matter for IDE 1 while the right panel contains the same information but for IDE 2. We use the combined observational data Planck TT, TE, EE + lowTEB + BAO + JLA + RSD + WL + CC + R16. If we look at the CMB tempertaure anisotropy spectra in Figure 11 we see that both IDE 1 and IDE 2 are very close to each other and they are also very close to ΛCDM. The slight differences between these models can be detected when the growth rate of cold dark matter is encountered into the picture. We illustrate this slight differences between these two interacting models in Figure 12 . In the left panel of Figure 12 we display the growth rate of dark matter when the interacting dark energy has constant EoS where for differnet coupling parameter ξ, we show a couple of plots. From the plots we see that, as |ξ| increases, the growth rate for cold dark matter decreases. The similar behaviour is observed when the interacting dark energy has dynamical character. However, for the dynamical DE, we have something more. Here, the growth rate for cold dark matter decreases much than growth rate for cold dark matter in the framework of ineracting DE with constant EoS. However, in summary, one can easily conclude that the models IDE 1 and IDE 2 are statistically very close to each other.
Moreover, we find that the current interaction model is qualitatively different with other interaction models. As of now, in the current literature, different coupled dark energy models have been introduced and analyzed with the astronomical observations. The most studied and well known coupled DE models include the interactions Q = 3Hξρ c , Q = 3Hξρ x , Q = 3Hξ(ρ c + ρ x ) (ξ is the coupling parameter) and there are many more, see . In this work we introduce an interaction with the form Q ∝ρ x which is different from the others since the variation of the dark energy density is considered here. This interaction has a great advantage in compared to some well known interaction models. To clarify such an issue, let us recall the observational bounds on the existing interacting models in the literature. The past analysis of coupled dark energy models in the large scale universe reports that the models with Q = 3Hξρ c , Q = 3Hξρ x , Q = 3Hξ(ρ c + ρ x ), can only be tested for two separate intervals, that means when (w x ≥ −1, ξ ≥ 0) or (w x ≤ −1, ξ ≤ 0). See table III where we present some well known interaction models as well as the present interaction model with their testable regions. Clearly, while constraining the above interaction models we perceive a discontinuity in the parametric space. In order to remove such discrepancy in the interaction models, a recent investigation [71] found that, the whole parametric space can be tested if a phenomenological factor (1 + w x ) is introduced in the interaction function, Q. Originally, the hints to introduce such factor (1 + w x ) into the interaction function is motivated from the pressure perturbation of dark energy. Using such formalism, three interactions have been tested with positive results, namely, Q = 3Hξ(1+w x )ρ x , Q = 3Hξ(1+w x )ρ c ρ x /(ρ c +ρ x ), Q = 3Hξ(1+w x )ρ 2 x /ρ c in [71] . However, the current interaction provides something more. We see that the interaction (6) does not need any extra factor (1 + w x ) from the outside to test the entire parametric space since it automatically contains such factor within it. Thus, this interaction differs with other interaction models in this way and it is worth noting that the entire parameteters space can be constrained unlike other interaction models.
THE TENSION ON H0: ALLEVIATION THROUGH INTERACTING DARK ENERGY
From the analysis of cosmic microwave background temperature and polarization data by Planck [1] , the Hubble constant value is constrained to be H 0 = 67.27 ± 0.66 km s −1 Mpc −1 , assuming ΛCDM as the base model while on the other hand, from the local measurements performed recently by Riess et al. [61] , the Hubble constant appears to be H 0 = 73.24 ± 1.74 km s −1 Mpc −1 . This local Hubble constant value is about 3σ higher than its prediction by the Planck's measurements. The difference appearing in the estimation of H 0 from the local and global measurements is quite large. It is indeed a very big issue 2 in the cosmological theory − known as the tension on H 0 ! The interacting dark energy mechanism carries a reasonable justification to reconcile such tension that has already been suggested in some recent works [41, 44, 77] where in [77] the dark energy equation of state was constant and allowed to be phantom while in the other two works, namely, in Refs. [41] and [44] , the dark energy equation of state was respectively constant (other than the cosmological constant) and the cosmological constant. The current interaction model is completely different in compared to the works [41, 44, 77] because here the model can be tested without any restriction on the dark energy equation of state as explained earlier. Additionally, here we investigate the dynamics of the universe for both constant and dynamical dark energy equation of state. We also note that for both the models, the combined analysis has been fixed to be Planck TT, TE, EE + lowTEB + BAO + JLA + RSD + WL + CC + R16.
• [61] within the confidence level slightly greater than 2σ. So, the tension is not released here. Thus, we see that for the current interaction model, the tension can be released. However, one can note that if the dark energy has a strong phantom nature, for instance here w x < −1.2, then some discrepancies may appear. In summary, the phantom dark energy equation of state might resolve the current tesnion on H 0 in agreement with a recent work [77] , but however, the physics with high phantom dark energy equation of state needs further investigations. Finally, we remark that we are dealing with phenomenological models of interaction!
• Dynamical EoS in DE and H 0 tension: For dynamical dark energy, we perform same analysis considering four different ranges of w 0 , the current value of the dark energy equation of state w x = w 0 + w a (1 − a). The constraints on the model parameters have been summarized in Table V The stability analysis of interacting dark energy models generally divides the parameters space into two separate regions: (i) w x ≥ −1 and ξ ≥ 0 or (ii) w x ≤ −1 and ξ ≤ 0 in which w x is the state parameter for dark energy and ξ is the coupling parameter of the interaction. That means, a discontinuity in the parameters space! A very recent study [71] shows that such difficulties concerning the discontinty in the parameters space can be solved with a new interaction that includes (1 + w x ) in the interaction function Q. Such construction of interacion function is motivated from the pressure perturbations for dark energy which informs that the inclusion of such factor releases the prior on the dark energy equation of state. That means, the factor "(1 + w x )" seems to play a vital role in the analysis of the interacting dark energy models at large scale of the universe. Motivated by this fact, in this work we introduce an interaction, Q = ξρ x , which automatically contains a term (1 + w x ) [see eqn. (6) the same features as in the models of Ref. [71] . We constrained such typical interaction using the combined astronomical data Planck TT, TE, EE + lowTEB + BAO + JLA + RSD + WL + CC + R16. From Table I and Table II , we see that both IDE 1 and IDE 2 allow a very small but nonzero interaction in the dark sectors, however, the zero value of the coupling parameter ξ is not rejected at all. In fact, within 1σ confidence-level, ξ = 0, is consistent with the observational data. Further, the analysis also shows that the current value of the dark energy equation of state (both mean and the best fit) in both interacting models favors its phantom behaviour while in the 1σ confidence level, w x = −1, is compatible with the observational data we employ. That means both the interacting models exhibit a very slight deviation from the Λ cosmology while within 1σ confidence-region Λ cosmology is consistent with the observational data. It is also interesting to note that at the perturbative level, the models are found to be very close to each other and also with the Λ-cosmology.
Our analysis also shows that for both IDE 1 and IDE 2, if the Hubble parameter values decrease, the dark energy equation of state, shifts its behaviour from phantom to quintessence. This behaviour was exactly observed in a recent work [71] . It is also interesting to remark that the current IDE models can alleviate the tension on H 0 that is observed in its global [1] and local measurements [61] . In fact, the theory of interacting dark energy can be a reasonable direction to talk about the current tension on H 0 . We paid a considerable attention on this issue with different regions of the dark energy equation of state which concludes that the tension on H 0 is reconciled in the phantom region while the analysis also makes a note that the dark energy equation of state with strong phantom nature needs further attention to reach a definite conclusion!
